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Abstract 
The density field around a vortex generator (VG) in supersonic flow is studied with a nanoparticle-based planar laser scatter-
ing (NPLS) method. Based on the calibration, i.e., the density distribution of the supersonic flow around a wedge, the density 
field of a supersonic VG is measured. According to movement characteristics of coherent structure in VG’s flow fields and the 
basic concepts of wavelet, the density fluctuating signals and multi-resolution characteristics of density field images are studied. 
The multi-resolution characteristics of density fluctuation can be analyzed with wavelet transformation of NPLS images. The 
wavelet approximate coefficients of density fluctuating signals exhibit their characteristics at different scales, and the corre-
sponding detail coefficients show the difference of diverse layer smooth approximation in some way. Based on 2D wavelet de-
composition and reconstruction of density field images, the approximate and detail signals at different scales are studied, and the 
coherent structures at different scales are extracted and analyzed. 
Keywords: vortex generator; nanoparticle-based planar laser scattering; coherent structure; density fluctuation; multi-resolution 
analysis 
1. Introduction 1 
The vortex generator (VG) is widely used in avia-
tion, aerospace, automobile and chemical engineering. 
As an important flow-controlling component, the VG 
can generate complex vortical structures and affect the 
dynamic characteristics of the corresponding flow 
field. The flow structures around VGs in supersonic 
flow field are very complicated, which are influenced 
by compressibility, shock wave and turbulence. And 
the correlative problems have become the bottleneck 
for their further applications. The flow around a VG is 
a nonlinear problem related to hydrodynamic stability, 
turbulence and fractal. It is very difficult to measure  
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the density field in supersonic flows, which limits the 
application of the multi-resolution analysis in flow 
field structures around VGs in supersonic flows. The 
coherent structures in supersonic VG flows are carriers 
of energy, momentum and mass, which control the dy-
namic characteristics of the flow fields. The coherent 
structures in flow field have been firstly proved with 
the method of linear stability analysis by Refs. [1]-[3]. 
The coherent structures in shear layer were discovered 
by Brown and Roshko [4]. And then they were proved 
again with the direct numerical simulationl (DNS) 
method by Rogers and Moser [5]. Due to the difficulty 
of using traditional mathematical methods in coherent 
structure analysis, the nonlinear methods are usually 
used to study some of their characteristics, and the 
analysis of fractal and wavelet are two representative 
multi-resolution analysis methods. Complicated flow 
structures show the characteristics of self-similarity at 
different scales, but not scale characteristics, which are 
suitable for multi-resolution analysis. 
Open access under CC BY-NC-ND license.
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The fractal theory was firstly used in experiments 
and measurements in fluid mechanics by Sreenivasan 
and Meneveau in 1986, who analyzed fractal dimen-
sions of the field of low speed shear layer, jet, wake 
and boundary layer and so on [6]. In 1991, Sreenivasan 
introduced the field fractal of mixing layer, multi- 
fractal and measuring methods [7]. The temperature 
fluctuating energy spectra in the sea were analyzed 
with the fractal theory by Turcotte [8]. The fractal 
structures of circular jet and plume were measured by 
Lane-Serff [9]. A series of turbulence experimental data 
in 1D, 2D, 3D and time was obtained with the LIF (La-
ser Induced Fluorescence) technique by Frederiksen,  
et al. [10-13] during 1986 and 1998, and the turbulence 
fractal was evaluated through experiments. The fractal 
characteristics of supersonic mixing layer interface 
were systematically studied with the nanoparticle-ba- 
sed planar laser scattering (NPLS) technique by Zhao, 
et al. [14] in 2008. The wavelet analysis was firstly used 
to analyze flow field signals and measure acoustic sig-
nals in anisotropic media by Saracco, et al. [15]. The 
wavelet features of turbulence signals were firstly ana-
lyzed with experiments conducted by Argoul, et al. [16]. 
Farge, et al. [17] systematically discussed the application 
of wavelet analysis in flow fields of 1D and 2D sig-
nals, and reviewed its application in research of fluid 
mechanics. 
The wavelet analysis, whose analytical results pro-
vide a very valuable research direction for turbulence 
theory and numerical simulation, has been widely used 
in theory, calculations and experiments in fluid me-
chanics. Due to the limitations of resolution and sig-
nal-to-noise ratio (SNR), the study of the flow around a 
VG in supersonic flow becomes complex. In this paper, 
NPLS experiment system is used to obtain supersonic 
density field images at high resolution, because of its 
characteristics of high temporal and spatial resolutions. 
By means of 2D wavelet decomposition and recon-
struction, the approximate and detail signals at differ-
ent scales are obtained. The multi-resolution analysis 
of coherent vortex structure in the flow around super-
sonic VG is performed with NPLS images. 
2. Experimental Details 
2.1. Supersonic quiet wind tunnel 
Because of its compressibility, strong discontinuity 
and strong non linearity, the dynamic mechanism of 
supersonic flow field is far more complicated than the 
low Mach number flow field. In order to guarantee the 
supersonic flow quality and avoid the influence of 
clutter on the experimental study of the flow and fine 
vortical structures around the VG , experiments in this 
study are conducted in National University of Defense 
Technology(NUDT) KD-02 supersonic quiet wind 
tunnel. The test section and nozzle of this wind tunnel 
are designed with the consideration of characteristics, 
and the resultant flow field is laminar. 
The wind tunnel is mainly composed of upstream 
transition section, stability section, nozzle, test section 
and downstream vacuum tank system. A heavy caliber 
transition section is used to collect air from the ambient 
atmosphere into the upstream section, and the air is 
dried and rectified in the stability section, by which the 
inflow has lower velocity, better uniformity and lower 
turbulence. The airflow quality is obviously improved 
after the inflow passing through rectifying equipment 
and experiencing a long dissipation in stability section, 
which is helpful to achieve laminar flow in the down-
stream of the nozzle. Air-breathing supersonic quiet 
wind tunnel has lower total pressure and smaller Rey-
nolds number in experiment section than the 
blow-down wind tunnel, which can help to realize the 
laminarization of nozzle. The nozzle and test section 
are integrated to avoid the flow disturbance from in-
stallation errors. The sidewalls of experiment section 
are designed with large observing windows, which 
enable optical observation from all-directions. The 
experimental section is 400 mm in length, 200 mm in 
height and 200 mm in width. The width of the experi-
mental section is designed as large as possible in order 
to effectively reduce the effect of side-walls on the 
mainstream. The incident point of the reflected shock 
waves of the VG from sidewalls is out of the observa-
tion area. The calibrated Mach number of wind tunnel 
is 2.68, the total pressure of inflow is 1×105 Pa and the 
total temperature is 300 K. Figure 1 shows the sche-
matic of the supersonic quiet wind tunnel. 
 
Fig. 1  Schematic of supersonic quiet wind tunnel. 
2.2. NPLS experiment technique 
The NPLS is a new technique for flow visualization, 
which uses nanoparticles as the tracer particles. Due to 
the high spatial and temporal resolutions and high  
SNR [18], the NPLS can clearly show the fine vortical 
structure in turbulent boundary layer, and directly 
manifest the peripheral flow field structure around a 
VG and its effect on turbulent boundary layer. 
The NPLS system used here is similar to the system 
developed by Zhao, et al. [19], illustrated in Fig. 2. The 
illumination is a double-pulsed Nd: YAG laser, with 
output wavelength of 532 nm, pulse energy of 350 mJ 
at 6 ns. The actual exposure time of the camera is the 
same as the laser pulse by utilizing a filtering instru-
ment. The instantaneous structures of the supersonic 
flow field will be recorded. The imaging device we 
used is an IMPERX digital camera, equipped with a 
NIKON 105 mm lens. The maximum magnification is 
1:1, and the resolution of the CCD (Charge Coupled 
No.2 WANG Dengpan et al. / Chinese Journal of Aeronautics 25(2012)173-181 · 175 · 
 
Device) is 4 096×2 600 pixels. Two frames will be 
captured through external trigger, and the captured 
image data will be real time transmission to a computer 
memory by the image acquisition board. The trigger 
signal is provided by a synchronous controller, and 
thus can keep synchronous with the pulse laser. Trac-
ing flow with nanoparticles is the core of NPLS, and 
the NUDT KD-5 nanoparticles generator is used in this 
study. The calibration experiments prove that the aver-
age diameter of generated nanoparticles is about 45 
nm, which has good flow-following ability. The 
changes in speed and density in flow field will directly 
influence the concentration of nanoparticles and thus 
cause the change of image gray scale. 
 
Fig. 2  Schematic of NPLS experiment system. 
In NPLS, the computer controls the collaboration of 
every component and collects the experimental images. 
The computer software generates signals of synchro-
nizer, which controls the collaboration of other com-
ponents. The timing diagrams of exposure of CCD and 
laser output of pulse laser can be adjusted according to 
the purpose of measurement. The laser beam is trans-
formed into a sheet with cylindrical lens. The nanopar-
ticle generator is driven by high pressure gas, and the 
output particle concentration can be adjusted precisely 
by changing the pressure. While measuring a flow field 
with NPLS, the nanoparticles are injected into and 
mixed with the inflow of flow field. While the flow is 
established in the observing widow, the synchronizer 
controls the laser pulse and CCD to ensure synchroni-
zation of scattered laser by nanoparticles and the ex-
posure of CCD. 
2.3. Configuration and parameters of VG 
The supersonic boundary layer is generated by a 
plane glass in order to visualize the flow field conven-
iently. A VG is installed on a plane glass, as shown in 
Fig. 3. In this paper, the intensity and action range of 
vortex and the height of vortex core are considered as 
the reference dimensions to define the heights of VGs. 
Figure 4 shows the schematic of VG configurations 
and the illuminated position of the laser sheet. The di-
mensions are as follows: 500 mm in length and 196 mm 
in width for plane glass; for the VG, height h is 5.8 mm, 
gradient a is 15°, sides C is 27 mm and half conical an-
gle Ap is 36°; the leading edges of VGs and plane glass 
are parallel, with a distance of 130 mm (choose the quiet 
wind tunnel inlet as the reference point); h/G=1.5, G 
being the thickness of the supersonic boundary layer. In 
NPLS experiments, the laser sheet illuminates the sym-
metry plane of the VG through the upper observation 
window, and the observed flow is vertical to the axis of 
the CCD camera. 
 
Fig. 3  Schematic of experimental installing system. 
 
Fig. 4  Schematic of VG configurations and illuminated 
position of laser sheet. 
3. Density Field Calibration and Structure Based on 
NPLS System 
3.1. Density field calibration 
It is known from the basic principle of NPLS that 
the gray scales L of experimental images vary with the 
corresponding nanoparticles concentrations. Nanopart- 
icles have a good flow-following ability and can be 
scattered evenly in the stagnation chamber of super-
sonic flow. So from the images of the density field ob-
tained by NPLS, the density distribution of the flow 
can be given by calibrating NPLS experimental im-
ages. The gray scale distribution of NPLS images is 
closely related to the nanoparticle concentration and 
the laser intensity distribution. In even nanoparticle 
concentration conditions and a given window query 
dimension, the NPLS images can be smoothed by 
means of mean filter about digital image processing. 
The gray scale distribution of filtered images shows 
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linear relationship with the distribution of laser sheet 
intensity, with which the effect of uneven distribution 
of laser sheet intensity on density field measurement 
can be calibrated [18,20]. 
3.2. Density field structure 
Based on the above-mentioned calibration method, 
the density distribution of flow around a VG in super-
sonic flow is defined using NPLS images. Figures 
5(a)-5(b) show respectively the NPLS images before 
and after the modification, in which the distribution of 
laser sheet intensity is nonuniform in the flow around 
the VG.  
 
Fig. 5  NPLS images before and after modifications of non-
uniform laser sheet intensity in the flow around VG. 
Figure 6 shows the corresponding calibration curve, 
in which the window query dimension is 10×10 pixels. 
It can be seen from Fig. 5 that it is dark around VG in 
the front part of the image and bright at the rear section 
before modification. After modification the light inten-
sity distribution of the image is more uniform. The 
nonuniformity of density distribution caused by the 
compressible effects of vortex structure can be identi-
fied. It can be seen from Fig. 6 that the modified curve 
of light intensity distribution demonstrates the change 
regularity of nonuniform light intensity distribution 
along the streamwise of flow around VG. Based on the 
modified NPLS image, the density cloud chart is ob-
tained by using calibration method of oblique shock 
wave in Fig. 7, which shows that the density field 
variation is caused by vortex movement. 
 
Fig. 6  Modified curve corresponding to nonuniform distri-
bution of laser sheet intensity in Fig. 5.  
 
Fig. 7  Density cloud chart of flow around VG in supersonic 
flow based on NPLS images. 
The quantitative measurement of supersonic VG 
flows indicates that the density distribution of super-
sonic flow can be measured with NPLS experimental 
technique. Based on the time correlation of NPLS ex-
perimental system, the evolution process of density 
field in supersonic flow can be observed with this 
method. 
4. Multi-resolution Characteristics of Density Field 
over Supersonic VG 
Figure 8 shows the NPLS images of coherent vortex 
structure in supersonic VG flows. The stride frame 
time between the two images is 20 μs, from which it 
can be seen that the vortex structures have the charac-
teristics of moving rapidly and changing slowly in su-
personic VG flows. Thus, a hypothesis is given that 
large eddy shifts along the direction of the mainstream 
without deformation during a short time internal, and 
the movement of supersonic VG flows can be consid-
ered as integrally parallel movement of the flow struc-
ture. According to the Taylor time-space transformation 
hypothesis, arbitrarily choose a point and fix its posi-
tion in the supersonic VG flows and use it to conduct 
measurement by NPLS experiment system. The NPLS 
images moving parallelly downstream are similar to the 
movement of flow field. Actually, the space-time de-
velopment characteristics of flow field are used to 
transform spatial signal to time signal [21]. The NPLS 
images are gained by experiments in which gray scale 
corresponds to nanoparticle concentration, which indi-
cates the density field without being calibrated. There-
fore, the density field distribution of experimental flow 
field can be defined by calibrating NPLS images. Ac-
cording to the obtained density field, the multi-resolu-
tion characteristics of density fluctuations can be 
gained by wavelet transformation. 
 
Fig. 8  NPLS images of coherent vortex structure in supersonic 
VG flows (stride frame time 20 μs). 
The basic concept of wavelet is similar to the struc-
ture characteristics of supersonic VG flows. It can be 
seen from the coherent vortex structure images of su-
personic VG flows that there is a large number of co-
herent structures in the flow field, and the coherent 
structures in supersonic VG flows are carriers of en-
ergy, momentum and mass, which control the dynamic 
characteristics of flow field. According to the turbu-
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lence theory, the sizes of coherent structures are lim-
ited, in which the maximum has the same magnitude as 
the average size of the flow and the minimum is dissi-
pative scale; the coherent structures have a certain time 
scale, in which the dissipation of the kinetic energy is 
converted to thermal energy of the flow during the 
process of continuous generation, evolvement and dis-
perse; the coherent structure moves at a speed in the 
flow, meanwhile it can rotate and deform, which has an 
effect on the flow to a limited extent; there is certain 
similarity at different scales of coherent structures. 
However, the dynamic characteristics of coherent 
structures are different from Fourier spectrum. If the 
fluctuation signals of coherent structure are considered, 
which are composed of waves of different frequencies, 
each wave-number corresponds to one point in spectral 
space, which corresponds to the wave of extending to 
infinite distance in physical space. This is contradictory 
to the limited space-time size of coherent structure. 
Coherent structures do not correspond to a point wave 
but to the approximate period signal with a certain 
bandwidth. Thereby, characteristics of coherent struc-
ture are in accordance with wavelet basic concept. 
Thus, the multi-resolution characteristics of density 
fluctuation in supersonic VG flows can be observed by 
wavelet transform. 
Actually, the NPLS image is a sample for the con-
tinuous flow field with the limited spatial resolution. 
The time signal after being transformed is discrete. If 
the sample frequency is too low, it would cause a 
greater error in the multi-resolution analysis. For NPLS 
technique, the highest spatial resolution is related to the 
optical transfer function of the system. The actual im-
aging systems cannot transfer all changes of objective 
spatial frequency to the images. The images are inevi-
table to generate contrast distortion as long as the ob-
jective emerges contrast changes. This is different from 
the ideal transfer function in time series analysis. The 
latter is usually flat response in a wider range and be-
gins to deteriorate only at high frequency. In the flow 
imaging, it is impossible to achieve the measurement 
without any distortion, which must be paid attention to. 
The multi-resolution analysis of coherent structure in 
supersonic flow around VG is only effective in the 
flow within integral scale and most of the inertia re-
gions in the paper. 
5. Multi-resolution Analysis of Density Fluctuation 
Signal 
As mentioned before, coherent structure characteris-
tics of supersonic VG flows are in accordance with 
multi-resolution analysis concept. Here, we chose den-
sity field with higher spatial resolution in supersonic 
VG flows as our research object. Figure 9 shows the 
original NPLS image. The distance is 48 mm from the 
left of the image to the VG trailing edge, the actual 
flow field length is 90 mm, the spatial resolution is 
0.050 3 mm/pixel and the white line is a sample line in 
the figure. The angle of the sample line is ascending 
angle of vortex, and is an included angle between line 
of the center of vortexes and flat glass. The original 
fluctuation signal a0 in Fig. 10(a) corresponds to the 
sample line. The original fluctuation signal is decom-
posed with five-layer discrete Meyer wavelet, and 
smoothing approximation coefficient of each layer and 
wavelet detail coefficient are shown in Figs. 10(b)- 
10(k). In Fig. 10, ai(i=1, 2, ···, 5) is the approxima-
tion signal; di(i=1, 2, ···, 5) is the detail signal; Sr 
denotes the scale range. As shown in the figure, wave-
let approximation coefficient of each layer corresponds 
to fluctuation signal characteristics of different-scale 
scaling function with the increase of scaling function. 
The corresponding detailed coefficient reflects the dif-
ference of smoothing approximation of each layer. 
Combined with the characteristics of NPLS images, the 
fluctuation signal which is shown by detail signal d1 is 
the distribution of imaging signal of single nanoparticle 
on the sample line (see Fig. 9). In the fifth layer de-
composition, both approximation signal a5 and the de-
tail signal d5 show the fluctuation characteristics of 
coherent structure. 
 
Fig. 9  Original NPLS image for multi-resolution analysis. 
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Fig. 10  Density fluctuation signal, approximation coefficient 
of each layer wavelet and detail coefficient. 
In Fig. 11, based on wavelet approximation coeffi-
cient of each layer and detail coefficient, the flow 
fluctuation signals at different scales are obtained. As 
shown in the figure, the detail signals are obtained by 
reconstruction, which increases as scale reduces, and 
the reconstruction signal ri(i=0,1,···,5)from the fifth 
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layer to the second layer shows the influence of co-
herent structure at different scales. All these show the 
approximate period characteristics of the coherent 
structure fluctuations. The reconstruction signal of the 
first layer contains clearly the effect of single nanopar-
ticle on NPLS images, which indicates that nanoparti-
cles causes the nonuniformity of the image and appears 
mainly in the first layer wavelet scale. And the corre-
sponding actual spatial scale of the effect is two pixels. 
This result also indicates that points spread function of 
NPLS system can meet the imaging requirement of 
nanoparticles. Figure 11(f) shows the ultimate recon-
struction signal and compares it with the original one. 
It can be seen that the original fluctuation signal of 
flow can be reconstructed very well. 
 
 
 
 
 
 
Fig. 11  Reconstruction signal based on each layer coefficient. 
6. Multi Resolution Analysis of Density Field Im-
ages 
2D multi-resolution analysis is based on 2D wavelet 
transform, and it is an extension of 1D multi-resolution 
analysis in the field of 2D signal-processing, which can 
be used in the multi-resolution decomposition and 
composition of images. 2D wavelet transform can 
make the scale extension simultaneous with coordinate 
rotation, which is different from 1D wavelet transform, 
and its decompositions contain not only smoothing 
approximation images but also detailed images in 
horizontal, vertical and diagonal directions. So 2D 
wavelet transform has the function in identifying not 
only multi-scale coherent eddy structures, but also sig-
nal features of images in different directions. 
Figure 12 shows images of four-layer wavelet de-
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composition and reconstruction which correspond to 
the density field in Fig. 9. Figure 12(a) shows the coef-
ficient images of the first layer decomposition and the 
images of the first layer reconstruction. The smoothing 
approximation image re-creates better flow structure 
within the scale. The detail coefficients in horizontal, 
vertical and diagonal directions identify the edge den- 
sity gradient of coherent structure. Figures 12(b)-12(c) 
show the images of the second layer and the third layer 
wavelet decomposition and reconstruction. With the 
increase of scale, the detail coefficient images in each 
directions identify clearer detailed features of coherent 
structure in different directions, and the corresponding 
approximation and reconstruction images could still 
show a certain detail coherent structure well. Figure 
 
Fig. 12  Images of four-layer wavelet composition and re-
construction. 
12(d) shows the coefficient images of the fourth layer 
decomposition and the images of the fourth layer re-
construction. Within the scale, the detailed features of 
coherent structure could still be identified, but coherent 
structures of small scales are not identified in the im-
ages of approximation and reconstruction. It can be 
seen that 2D wavelet analysis gives the approximate 
and detailed signal of different scales, which shows the 
characteristics of coherent structure with different 
scales and is an effective tool to study complicated 
flow field structure. 
7. Conclusions 
The high temporal and spatial resolution measure-
ment of the density field in supersonic VG flows is 
studied by the NPLS technique. The temporal and spa-
tial resolutions are 6 ns and 0.050 3 mm/pixel, respec-
tively. The fine features of the flow coherent structure 
can be extracted from the flow images. According to 
the dynamic characteristics of coherent structure and 
Taylor time-space transformation hypothesis, multi- 
scale characteristics of density field images and density 
fluctuation signal of supersonic VG flows are studied. 
The wavelet approximate coefficient of density fluctu-
ating signal exhibits the characteristics of density fluc-
tuating signals at different scales. The corresponding 
detailed coefficients show the difference of diverse 
layer smooth approximation in some way. Based on 2D 
wavelet decomposition and reconstruction of density 
field images, the coherent structures at different scales 
are extracted and studied. The density fluctuation of 
supersonic VG flows strongly depends upon the be-
havior of dynamics mixing, and the corresponding 
mechanism is very complicated. 
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